Introduction {#Sec1}
============

The capability to cope with emotionally challenging situations by means of cognitive emotion regulation is a central need in everyday life, accounting for psychological functioning and mental health^[@CR1],[@CR2]^. Failures to successfully downregulate negative emotions are mediated through a deficient recruitment of mostly prefrontal emotion regulatory networks^[@CR3],[@CR4]^ and represent a crucial risk factor for the development and maintenance of mental disorders^[@CR5]^.

Emotion regulation refers to all automatic and controlled modulations in latency, magnitude and duration of emotional activation quantifiable by experiential, behavioural as well as physiological alterations^[@CR6],[@CR7]^. Imaging data indicates that cognitive emotion regulation relies on a common neural network of control areas involving prefrontal and cingulate cortex regions inhibiting activity in limbic structures^[@CR8]--[@CR10]^. Individuals employ different emotion regulation strategies which activate specific brain regions within the core regulatory network^[@CR9],[@CR11]^. Cognitive reappraisal and distraction are commonly considered as being most effective in downregulating negative emotions^[@CR7]^. Whereas distraction involves directing the attention away from the emotional stimulus, reappraisal aims at reframing the valuation of an emotional stimulus^[@CR6]^. However, not only do individuals differ in the habitual use of particular cognitive emotion regulation strategies but also in their effectivity to apply them^[@CR12]^. For instance, a meta-analysis by Webb et al.^[@CR7]^ identified several moderators of the effectiveness of emotion regulation strategies. Most notably, the presence of emotion induction, the direction and magnitude of emotion regulation effort, the number of emotion regulation attempts and the way emotion regulation is measured as well as interactions with sex appeared to influence emotion regulation outcomes. However, there is still a lack of studies that combine experiential, behavioral and physiological measurements depicting emotion regulation in an integral fashion.

Stress activates two biological pathways: the sympathetic nervous system (SNS) resulting in a rapid release of catecholamines, such as norepinephrine and epinephrine, and the somewhat slower hypothalamic-pituitary-adrenocortical (HPA) axis leading to the secretion of glucocorticoids (GCs; cortisol in humans^[@CR13]^). Cortisol acts on prefrontal, cingulate as well as limbic structures^[@CR14]^ via activations of mineralocorticoid (MRs) as well as glucocorticoid receptors (GRs) in the human brain^[@CR15]^. Interestingly, these brain regions (prefrontal cortex, amygdala, hippocampus,) are also critically involved in emotion regulatory processes^[@CR12],[@CR16]^. Experimental studies investigating the direct impact of acute stress on emotion regulation processes are scarce. However, there is initial evidence that acute stress impairs the cognitive regulation of conditioned fear responses^[@CR17]^, presumably mediated by inhibited prefrontal control processes^[@CR18]^. Importantly, impaired fear regulation in response to stress was positively correlated with alpha-amylase levels (an index of SNS activity^[@CR19]^) but not with cortisol increase, indicating that the regulatory impairments were primarily mediated via catecholaminergic actions. Supporting this idea, previous research showed that stress indeed caused a decline in prefrontal-based cognitive functions, particularly when testing took place during high SNS activity^[@CR20]^. Furthermore, there are several studies hinting at a stress-induced reduction of cognitive flexibility in favor of habitual routines^[@CR21]--[@CR23]^. Since deliberate emotion regulation could be cognitively demanding, the reduction in prefrontal functioning under acute stress states might thus lead to diminished emotion regulatory success. In line with this hypothesis, first evidence provided by our laboratory^[@CR24]^ demonstrated that stressed participants relative to controls were less effectively distracted from emotional pictures through a parallel arithmetic task. By contrast, however, stress facilitated the active downregulation of negative emotions via cognitive reappraisal, implying that stress may alter emotion regulation success in a strategy-specific manner. These findings suggest that stress and its associated stress mediators may also exert beneficial effects on the ability to regulate negative emotions. For instance, a recent neuroimaging study from our lab revealed that an oral administration of cortisol indeed facilitated the downregulation of negative emotions via both distraction and cognitive reappraisal by enhancing regulatory activity in prefrontal regions and reducing emotion-related activity in the amygdala^[@CR25]^. Improvement of cognitive emotion regulation after stress might thus be primarily initialized through glucocorticoids acting on cognitive control and emotion processing regions. This idea corroborates with studies showing that cortisol buffers the increase of negative affect^[@CR26],[@CR27]^ and reduces self-reported fear^[@CR28]^ in response to a psychosocial stressor. Moreover, a growing body of work has demonstrated that instructed as well as habitual emotion regulation enhances neuroendocrine responses to stress^[@CR29]--[@CR31]^. Together, these findings suggest that the somewhat delayed stress-induced increase in cortisol exerts an affect-protective function that is potentially mediated through an enhancement of emotion regulatory capacities in the first place, ultimately helping individuals to cope with upcoming negative emotional states^[@CR32]^. Contradictory findings regarding the effects of stress on emotion regulation outcomes existing in the literature so far could therefore be explained by the opposing effects of glucocorticoids and noradrenergic activity or the relative dominance of one stress system over the other.

Sex differences in emotional reactivity, emotion regulation effectivity and strategy choice have been repeatedly reported^[@CR24],\ [@CR33]--[@CR35]^. For instance, McRae et al.^[@CR33]^ showed that men exhibited less increases in prefrontal activity and greater decreases in the amygdala than women when applying reappraisal to downregulate negative emotions. These findings suggest that men may expend less regulatory effort due to a greater use of automatic emotion regulation leading to enhanced neural efficiency. This idea is in line with evidence showing that men are less emotionally reactive than women^[@CR34]^. Furthermore, sex also seems to modulate stress-induced alterations in the effectivity to downregulate negative emotions via reappraisal^[@CR24]^.

Taken together, the current literature on stress and cognitive emotion regulation provides largely heterogeneous results, suggesting complex interactions between stress, sex, and type of emotion regulation. It therefore still remains unclear, how stress and its associated mediators alters different emotion regulation processes and which factors might be critical in modulating these effects. The present study aimed at filling this gap, investigating whether and how stress and its interactions with sex influence the effectivity of two commonly used emotion regulation strategies---reappraisal and distraction---with a special focus on the time window of glucocorticoid dominance. To this end, we exposed men, women taking oral contraceptives and free-cycling women in the luteal phase to the Trier Social Stress Test or a control condition and subsequently tested them in an emotion regulation paradigm. An increase in cortisol as a marker of HPA axis activity and alpha-amylase as an index of SNS activation served to check successful stress induction. Emotion regulation outcome was assessed via affective ratings. A previous study of our lab demonstrated that pupil diameter is not only influenced by the emotional arousal evoked by negative pictures, but also modulated by the cognitive effort to deliberately downregulate negative emotions^[@CR36]^. Supporting the latter finding, pupil size increases during the downregulation of negative affect were positively associated with prefrontal activity^[@CR37]^. Collectively, changes in pupil diameter during cognitive emotion regulation have been shown to mirror both emotion regulation effort and success^[@CR36]--[@CR38]^ and was thus included as an additional physiological proxy of emotion regulation processes.

Recent data favors the idea that stress improves emotion regulation success^[@CR24],[@CR25]^, which might be primarily mediated by cortisol^[@CR25],[@CR27]^. Hence, we hypothesized that stress improves the effectivity to downregulate negative emotions, particularly via cognitive reappraisal, which should be evidenced by reduced subjective arousal, enhanced valence and success ratings as well as altered pupil dilations. In addition, we also expected stress to modulate the ability to downregulate negative emotions via distraction. However, given the lack of research on the effects of stress on cognitive emotion regulation in general and rather mixed findings specifically regarding its impact on distraction, we did not hypothesize a specific direction of this effect. Based on studies showing that cortisol diminishes the subjective experience of negative emotions^[@CR25],[@CR26]^ possibly by strengthened emotion regulation processes, we expected cortisol---but not alpha-amylase---to be positively associated with emotion regulation success. Men typically show a stronger cortisol response to acute stress than women^[@CR39]^. Consequently, we hypothesized that the impact of stress on emotional downregulation is more pronounced in male participants.

Results {#Sec2}
=======

Subjective and physiological response to stress {#Sec3}
-----------------------------------------------

### Physiological stress response {#Sec4}

Figure [1](#Fig1){ref-type="fig"} depicts mean cortisol (panel a) and alpha-amylase responses (panel b) for the stress and control group, showing successful stress induction via the TSST. There was a significant increase in salivary cortisol (main effect of time: *F*(1.59, 166.88) = 29.17, *p* \< 0.001; η^2^ = 0.217; main effect of stress: *F*(1, 105) = 12.74, *p* = 0.001; η^2^ = 0.108; stress × time interaction: *F*(1.59, 166.88.01) = 44.14, *p* \< 0.001; η^2^ = 0.296) and alpha-amylase concentrations (main effect of time: *F*(2.58, 286.63) = 34.19, *p* \< 0.001; η^2^ = 0.235; main effect of stress: *F*(1, 111) = 8.18, *p* = 0.005; η^2^ = 0.069; stress × time interaction: *F*(2.58, 286.63) = 4.40, *p* = 0.007; η^2^ = 0.038) following the TSST as compared to the Placebo-TSST. Post-hoc t-tests showed that there were no differences in salivary cortisol and alpha-amylase levels at baseline (all *p*s \> 0.10). However, cortisol and alpha-amylase levels were significantly elevated 15 (both *p*s \< 0.002) and 45 min (both *p*s \< 0.014) after stress relative to the control manipulation. Significantly higher alpha-amylase levels were also found immediately after stress offset (*p* = 0.002). To ensure that the TSST elicited significant stress responses in all three sex hormone groups, we additionally analyzed differences in delta cortisol and delta alpha-amylase (peak--baseline) between stressed participants and controls for each sex hormone group separately. All three sex hormone groups exhibited significant increases in cortisol concentrations following the TSST as compared to the Placebo-TSST (MALE: *t*(34.26) = − 5.97, *p* \< 0.001; FELU: *t*(21.50) = − 2.92, *p* = 0.008; FEOC: *t*(20.32) = -3.86, *p* \< 0.001, Table [1](#Tab1){ref-type="table"}). Except for females taking oral contraceptives (*p* = 0.206), males and free-cycling females also showed a significant increase in alpha-amylase levels in response to the stressor (MALE: *t*(23.33) = − 3.09, *p* = 0.005; FELU: *t*(37) = − 2.83, *p* = 0.007, Table [1](#Tab1){ref-type="table"}). Whereas sex hormone groups did not differ in alpha-amylase increase (*p* = 0.259), stressed males exhibited a significantly larger cortisol increase relative to stressed FELU and FEOC (stress x sex hormone interaction: *F*(2, 105) = 7.41, *p* = 0.001; η^2^ = 0.124). No such difference was found in the control groups. Both female groups did not differ in cortisol secretion after stress (*p* = 0.904). Overall, peak cortisol levels were reached 25 min after stress onset (i.e. t ~+ 15~), which was immediately followed by the emotion regulation paradigm.Figure 1Physiological stress response. Mean (± SEM) salivary cortisol concentrations (**a**) and mean (± SEM) salivary alpha-amylase concentrations (**b**) as a function of stress (stress vs. control). For illustration purposes, raw data is displayed. Time point of the stress manipulation (TSST/P-TSST) and the emotion regulation paradigm (EmoReg) are represented by shaded areas. Significant effects after Bonferroni-corrected post-hoc t-tests are marked as follows: \*\*\**p* \< 0.001; \*\* *p* \< 0.01; \* *p* \< 0.05. Table 1Mean (± SEM) baseline to peak differences (Δ) in salivary cortisol, alpha-amylase and affective ratings of the stress and the control group for the three different sex hormone groups.Δ Cortisol (nmol/l)Δ Alpha-amylase (U/l)Δ DASM ± SEMM ± SEMM ± SEM**Stress**MALE13.96 ± 1.87\*\*\*115.98 ± 21.29\*\*0.51 ± 0.13\*\*FELU4.55 ± 1.06\*\*102.85 ± 26.51\*\*0.60 ± 0.14\*\*FEOC4.48 ± 1.07116.92 ± 26.640.35 ± 0.09\*\***Control**MALE− 1.61 ± 1.8222.86 ± 12.29− 0.12 ± 0.13FELU− 0.43 ± 1.34− 1.91 ± 25.84− 0.13 ± 0.14FEOC− 1.01 ± 1.1667.84 ± 27.34− 0.07 ± 0.10*FELU* free-cycling females,*FEOC* females taking oral contraceptives; significance of pairwise comparisons between stressed MALEs, FELUs as well as FEOCs and the respective controls are marked as follows: \*\*\**p* \< 0.001, \*\**p* \< 0.01

### Subjective stress response {#Sec5}

Negative affect ratings as assessed by the DAS significantly increased after exposure to the TSST in contrast to the Placebo-TSST (main effect of time: *F*(2, 218) = 8.18, *p* \< 0.001; η^2^ = 0.070; main effect of stress: *F*(1, 109) = 13.74, *p* \< 0.001; η^2^ = 0.112; stress x time interaction: *F*(2, 218) = 22.45, *p* \< 0.001 η^2^ = 0.171). Post-hoc comparisons showed that negative affect was significantly higher in the TSST as compared to the Placebo-TSST group immediately after the stress manipulation (*t*(116) = − 6.56, *p* \< 0.001), whereas no group differences occurred at baseline (*p* = 0.100) or 45 min after stress offset (*p* = 0.315). All three sex hormone groups showed a significant increase in negative affect (delta DAS) compared to controls (MALE: *t*(23.57) = − 3.35, *p* = 0.003; FELU: *t*(19.75) = − 3.80, *p* = 0.001; FEOC: *t*(30.45) = − 3.14, *p* = 0.004, Table [1](#Tab1){ref-type="table"}). No differences occurred between the different sex hormone groups (*p* = 0.458).

Emotion induction and regulation {#Sec6}
--------------------------------

### Affective ratings {#Sec7}

Analyses of affective ratings revealed significant differences in experienced arousal and valence between the emotion regulation conditions (main effect of condition, arousal: *F*(3.48, 389.86) = 197.46, *p* \< 0.001; η^2^ = 0.638; Fig. [2](#Fig2){ref-type="fig"}a; main effect of condition, valence: *F*(3.29, 367.88) = 213.28, *p* \< 0.001; η^2^ = 0.656; Fig. [2](#Fig2){ref-type="fig"}b). Post-hoc pairwise comparisons showed that participants rated negative pictures as significantly less pleasant and more arousing than neutral pictures in the *view* condition (both *p*s \< 0.001), affirming a modulation of subjective arousal and valence by the emotional content of the pictures. Moreover, both ratings revealed a differential impact of the emotion regulation strategies on subjective emotional responses. When downregulating negative emotions via *distraction* and *reappraisal*, participants rated negative pictures as less arousing and more pleasant as compared to simply viewing them (arousal: both *p*s ≤ 0.001, valence: both *p*s \< 0.001). By contrast, when upregulating negative emotions via *intensify*, participants rated negative pictures as more arousing and less pleasant relative to simply viewing them (all *p*s \< 0.001). The different emotion regulation conditions also differed regarding the subjectively experienced emotion regulation success (main effect of condition: *F*(3.26, 364.53) = 65.38, *p* \< 0.001; η^2^ = 0.369; Fig. [2](#Fig2){ref-type="fig"}c), with participants reporting to be significantly more successful in intensifying negative emotions as compared to downregulating them via *distraction* or *reappraisal* (*p* \< 0.001).Figure 2Affective ratings and pupil dilations in the different emotion regulation conditions. Mean (± SEM) subjective arousal (**a**), valence (**b**), and success ratings (**c**), as well as mean (± SEM) pupil diameter (**d**) expressed as the area under the curve with respect to ground (AUCg) for the different emotion regulation conditions. In the view condition, participants rated negative pictures as significantly less pleasant (**b**) and more arousing (**a**) than negative pictures. Moreover, participants showed increased pupil sizes (**d**) after viewing negative than neutral pictures. When downregulating negative emotions via reappraisal or upregulating via intensify, participants exhibited increased pupil dilations (**d**) and rated negative pictures as less arousing (**a**) and more pleasant (**b**) as compared to simply viewing them. Significant effects after Bonferroni-corrected post-hoc t-tests are marked as follows: \*\*\**p* \< 0.001; \*\**p* \< 0.01; \**p* \< 0.05.

### Pupil diameter {#Sec8}

Analyses of changes in pupil diameter revealed significant differences in pupil dilation between the conditions (main effect of condition: *F*(2.20, 158.46) = 14.82, *p* \< 0.001; η^2^ = 0.171; Fig. [2](#Fig2){ref-type="fig"}d). Post-hoc comparisons showed that viewing negative relative to neutral pictures led to a significant increase in pupil dilation (*p* \< 0.001), confirming that pupil diameter varies as a function of emotional arousal. When downregulating emotional responses via *reappraisal*or upregulating negative emotions via *intensify,* participants displayed a significantly larger pupil size increase as compared to just viewing them (*p* ≤ 0.024), indicating that the pupil is further modulated by the increase in cognitive effort that is required to up- or downregulate negative emotions.

To check whether control participants have been successful in regulating their emotional responses via the three different strategies, we conducted additional mixed-design ANOVAs including only the control group. These analyses confirmed the result pattern obtained with the whole sample, showing successful induction as well as up- and downregulation of negative emotions via *intensification*, cognitive *reappraisal* and *distraction*. For details regarding the statistical analyses of emotional ratings and pupillary data in the control group, see Supplementary Information [A](#MOESM1){ref-type="media"}.

Stress effects on emotion regulation {#Sec9}
------------------------------------

### Affective ratings {#Sec10}

A significant stress × sex hormone × condition interaction (*F*(6.96, 389.86) = 2.90, *p* = 0.006; η^2^ = 0.049) indicated that stressed males rated negative pictures as significantly less arousing than controls when applying reappraisal (stress × condition interaction: *F*(3.17, 120.61) = 3.10, *p* = 0.027; η^2^ = 0.075; *t*(38) = 2.54, *p* = 0.015; Fig. [3](#Fig3){ref-type="fig"}a). No such stress effect was found in both female groups (stress × condition interaction: both *p*s \> 0.648). For valence ratings, the three-way interaction between stress, sex hormone and condition did not reach significance (*F*(6.57, 367.88) = 1.84, *p* = 0.083; η^2^ = 0.032; Fig. [3](#Fig3){ref-type="fig"}b). However, exploratory follow-up mixed ANOVAs separately for each sex hormone group revealed a significant stress × condition interaction in males only (*F*(4, 152) = 3.62, *p* = 0.012; η^2^ = 0.087). Post-hoc pairwise t-tests showed that stressed males rated negative pictures as significantly less unpleasant than controls when using reappraisal (*t*(38) = − 2.57, *p* = 0.014). Regarding the emotion regulation success ratings, ANOVA revealed a significant stress x condition interaction (*F*(3.25, 364.53) = 3.87, *p* = 0.008; η^2^ = 0.033). Following up on that, separate post-hoc univariate ANOVAs for the emotion regulation conditions again revealed a significant stress × sex hormone interaction for reappraisal (*F*(2, 112) = 3.92, *p* = 0.023; η^2^ = 0.065), indicating that stressed males were subjectively more successful in reappraising negative pictures as compared to control males (*F*(1, 38) = 10.48, *p* = 0.003; η^2^ = 0.216). No further differences in subjective emotion regulation success occurred between the stress and the control group regarding other emotion regulation strategies (all *p*s ≥ 0.100). To ensure that these effects were indeed driven by stress-induced alterations in emotion regulation and not just confounded by stress-related differences in the view negative condition, we reran the statistical analyses for arousal, valence and success ratings using difference scores between the view negative condition and the four other emotion regulation conditions, respectively (view neutral---view negative, distraction---view negative, reappraisal---view negative, intensify---view negative). Results were highly similar to the original analyses reported above (for details: see Supplementary Information [B](#MOESM1){ref-type="media"}). In order to check whether random stimulus effects may account for the reported stress effects on emotion regulatory outcomes, we additionally analyzed our data applying a multilevel modelling approach that controls for both random stimulus effects and random participant effects. Linear mixed model analyses revealed similar results like the reported mixed-design ANOVAs (for details: see Supplementary Information [D](#MOESM1){ref-type="media"}).Figure 3Stress effects on emotion regulation outcome in men. Mean (± SEM) subjective arousal (**a**) and valence ratings (**b**) as well as Ln-transformed mean (± SEM) changes in pupil diameter (**c**) as indexed by the area under the curve with respect to ground (AUCg) of male participants as a function of emotion regulation condition for the stress (TSST) and control (Placebo-TSST) group. Panel (**d**) depicts the relationship between cortisol increase (**∆** cortisol) and success ratings of reappraisal in men. Stressed males exhibited significantly reduced arousal and increased valence ratings as well as pupil dilations after downregulating their emotional response via reappraisal. Delta cortisol values were significantly correlated to success ratings of reappraisal in men. Significant effects after Bonferroni-corrected post-hoc t-tests are marked as follows: \**p* \< 0.05.

### Pupil diameter {#Sec11}

Analysis of the pupillary responses resulted in a significant stress × condition interaction (*F*(2.20, 158.46) = 3.280, *p* = 0.036; η^2^ = 0.044). Separate post-hoc univariate ANOVAs for each emotion regulation condition revealed a significant stress × sex hormone interaction for *reappraisal* (*F*(2, 82) = 3.20, *p* = 0.046; η^2^ = 0.072), indicating that stressed males relative to controls displayed larger pupil dilations when downregulating negative emotional responses via *reappraisal* (*F*(1, 26) = 4.63, *p* = 0.041; η^2^ = 0.151; Fig. [3](#Fig3){ref-type="fig"}c). No such stress effect was found in females (*p* = 0.141) or regarding other emotion regulation conditions (all *p*s ≥ 0.097). In order to exclude, that the observed effects of stress on emotion regulation might be attributed to potential differences in baseline pupil diameter between the stress and control group, we conducted a t-test with mean baseline pupil diameter as the dependent and stress as the independent variable. Overall, there were no differences in baseline pupil diameter between the stress and the control group (*p* ≥ 0.368).

Additional figures displaying affective ratings and pupil dilation data for stressed FELUs and FEOCs and their respective controls are provided in the Supplementary Information [C](#MOESM1){ref-type="media"}.

The relationship between cortisol and emotion regulation success {#Sec12}
----------------------------------------------------------------

Correlation analyses showed that the magnitude of cortisol secretion was positively related to subjective emotion regulation success for *reappraisal* in the entire male sample (*r* = 0.323, *p* = 0.042; Fig. [3](#Fig3){ref-type="fig"}d). There were no significant correlations between cortisol increase and success ratings for *distraction* or *intensify* (both *p*s ≥ 0.120).

Discussion {#Sec13}
==========

In this study, we investigated the effects of acute stress on the effectivity of cognitive emotion regulation in males, females taking oral contraceptives and free-cycling females. Results revealed that acute stress led to an improvement of reappraisal---but not of distraction---in men, indicated by reduced emotional arousal as well as enhanced valence and success ratings. In line with subjective data, stronger pupil dilations further demonstrated that stressed males were cognitively more engaged during reappraisal, which in turn might have led to better emotion regulatory outcomes. Moreover, cortisol secretion was positively associated with reappraisal success in men, suggesting the stress-induced improvement of cognitive reappraisal to be predominantly driven by a glucocorticoid mechanism.

The present findings are consistent with previous studies demonstrating that stress and in particular the stress hormone cortisol facilitate emotion regulatory processes, especially via cognitive reappraisal^[@CR24],[@CR25]^. Even though the functional role and precise mechanism of cortisol in emotional processing is still not fully understood, several researchers postulated a cortisol-dependent improvement of negative emotional experience^[@CR27]^, phobic fear^[@CR28]^ as well as cognitive emotion regulation skills^[@CR25]^. For instance, recent imaging data from our lab suggest that stress facilitates the cognitive downregulation of negative emotions via enhanced regulatory activity in prefrontal regions and reduced emotion-related activity in limbic structures such as the amygdala^[@CR25]^. Consistently, our findings provide further evidence for a positive association between cortisol secretion and emotion regulation success in men. Changes in the activity of the PFC---amygdala pathway seem to be of particular relevance explaining the stress-induced alterations in cognitive emotion regulation^[@CR40]^. In line with this notion, Henckens et al.^[@CR41]^ showed that GCs rapidly suppress amygdala responsivity to emotional stimuli. Supporting the latter finding, administration of cortisol acutely reduced anxiety-driven selective attention to threat^[@CR42]^ emphasizing that GCs may have anxiolytic effects. Interestingly, stronger stress-induced cortisol increases also appear to mitigate the increase in negative affect that is typically observed after stress^[@CR26],[@CR32]^, which might reflect a cortisol-mediated enhancement of emotion regulatory capacities. Together with these findings, our data provide preliminary support for the idea that the beneficial effects of stress on cognitive emotion regulation are mainly driven by glucocorticoid actions promoting prefrontal and inhibiting amygdala activity^[@CR25],[@CR41]^ which in turn may lead to reduced emotional responses.

In line with subjective data, the present study further revealed that stress increased pupil dilations when applying reappraisal in men. Previous research from our lab^[@CR36]^ demonstrated that in emotion regulation tasks pupil diameter is modulated by emotional arousal, but also linked to the mental effort required to regulate emotional responses. Therefore, pupil dilation might reflect both emotion regulation effort and success. Our results support this view, showing greater pupil diameter for negative compared to neutral pictures but even a further enhancement of pupil dilation in regulation trials. It has been previously reported, that pupil size increases in response to downregulation of negative emotions were positively associated with prefrontal activity^[@CR37]^. Stronger pupil dilations during deliberate attempts to cognitively regulate emotions might therefore indicate cognitive engagement in the task, leading to increases in prefrontal activity. In line with this idea, Allaert et al.^[@CR43]^ could show that stimulation of the left dlPFC led to an increase in pupil dilation during the presentation of negative stimuli, indicating heightened cognitive resource allocation for emotional processing. There are hence several lines of research suggesting that pupil dilation indeed indexes cognitive control^[@CR43],[@CR44]^. Here we could demonstrate for the first time that stress further boosts pupil dilation when cognitively reappraising negative emotions. This pattern together with the improved subjective emotion regulatory outcome suggest that men engage more in reappraising upcoming negative emotions after stress, which in turn might increase the effectivity of downregulating negative emotions with this strategy.

However, there are also studies showing that stress immediately inhibits prefrontal control processes^[@CR20]^ and impairs the cognitive regulation of fear^[@CR17]^. Yet, these inconsistencies may be explained by the relative predominance of the two stress pathways and their associated mediators acting on emotion regulatory processes. For instance, it has been shown that heightened functional connectivity between the amygdala and a number of salience network regions after stress was diminished when the β-adrenergic blocker propranolol was administered, whereas inhibition of glucocorticoid synthesis had no effect^[@CR46]^. Hence, an upregulation of the salience network during high-stress states and the inhibition of prefrontal activity, which is mostly related to stronger emotional experiences^[@CR47]^, appear to be predominantly driven by stress-induced catecholaminergic actions. Accordingly, acute stress may be linked to impaired cognitive functions particularly when testing takes place within or close to the time window of catecholaminergic actions^[@CR18],[@CR20],[@CR48]^. In line with this hypothesis, Raio and colleagues^[@CR17]^ could show that the stress-induced impairment of cognitive emotion regulation was correlated with heightened alpha-amylase levels (a marker of sympathetic activity) but not with cortisol. In contrast to the somewhat slower HPA pathway, SNS effects are initialized almost instantly after stress onset^[@CR13]^. Given that participants underwent the emotion regulation paradigm 30 min after stress onset in the present study, the beneficial effects of stress on cognitive reappraisal might be mainly driven by glucocorticoid actions that come into play after some delay. Consistently, we found cortisol secretion to be positively associated with the success of downregulating negative emotions via cognitive reappraisal. GCs have been shown to actively contribute to the downregulation of salience network activity and an upregulation of the executive control network^[@CR20]^. Moreover, they are critically involved in restoring homeostasis and normalizing brain activity following stress^[@CR15]^. It is therefore reasonable that catecholamines may rapidly impair cognitive emotion regulation during acute stress states, while cortisol helps to restore prefrontal functions thereby also promoting emotion regulatory processes as soon as acute stress subsides. For future studies it will be thus of utmost importance to examine the different contributions of the SNS and HPA axis to emotion regulation outcomes.

To the best of our knowledge, the study reported here, is the first experiment to investigate differences in the influence of stress on emotion regulation between males, free-cycling women and women taking oral contraceptives. As hypothesized, we found sex differences in cortisol reactivity to psychosocial stress and its influence on emotion regulation performance. In line with previous studies^[@CR39],[@CR49]^, men exhibited a stronger stress-induced cortisol secretion compared to women. Given the well-established inverted U-shaped dose--response curve between GCs and learning or memory^[@CR50],[@CR51]^, it can be speculated that beneficial effects of stress on reappraisal rely on a certain magnitude of cortisol release. Supporting the idea of an U-shaped dose--response function between GCs and emotion regulation outcomes^[@CR25]^, we found a positive correlation between cortisol secretion and success of reappraisal in men. Hence, our findings may be suggestive of a dose-dependent glucocorticoid-mediated improvement of cognitive reappraisal, which appear to be attributed to a stronger cognitive engagement to use this strategy in the aftermath of stress. Future work using different dosages of hydrocortisone to investigate its influence on emotion regulation outcomes is clearly needed.

Of note, a stress-induced increase in the effectivity of cognitive reappraisal was found only in men, while stress did not affect emotion regulation in both female groups. Previous work already reported sex-dependent stress effects on emotion regulation processes, in particular on cognitive reappraisal^[@CR24]^. Furthermore, cortisol diminished subjective emotional responses towards negative pictures in men but not in women^[@CR25]^ supporting the idea that men may profit from the beneficial effects of stress and glucocorticoids on emotion regulatory processes to a greater extent than women. This result pattern is in line with a growing body of literature showing that stress effects on emotion and cognition are more pronounced in men than in women^[@CR52]--[@CR56]^. Stress upregulates sex hormones^[@CR57]^ which have been shown to alter the physiological stress response and in turn may also affect cognitive functions through direct and indirect effects on GRs^[@CR58]^. Sex-specific effects of stress on cognitive functioning are most likely driven by interactions between cortisol and sex hormones, such as estrogens, gestagens and androgens^[@CR56],[@CR59],[@CR60]^. For instance, estradiol has been shown to decrease GR expression and to inhibit its functionality^[@CR61]^, potentially explaining sex differences in glucocorticoid responsiveness and stress reactivity. In addition, elevated progesterone levels have been associated with a decreased sensitivity of women to stress effects on cognitive functions^[@CR60]^. In this study, women displayed weaker cortisol responses to stress than men and the stress-induced improvement of cognitive reappraisal was restricted to men, who typically exhibit lower estradiol and progesterone levels than females. It might be therefore reasonable that the missing stress effect in women was driven by complex interactions between sex-specific hormones and glucocorticoids primarily acting on GRs in prefrontal and limbic regions. Furthermore, under rest, males have been shown to exhibit less pronounced increases in prefrontal regions and greater decreases in the amygdala relative to females when applying reappraisal^[@CR33]^. Therefore, males may usually expend less effort to downregulate negative emotions via this strategy. In this study, stress prompted an increase in cognitive engagement to reappraise negative stimuli in males, possibly compensating the inhibition of prefrontal activity and executive functions under stress^[@CR18]^. Future imaging studies in combination with eye tracking are warranted to investigate sex-specific effects of stress on cognitive engagement and prefrontal activity while downregulating negative emotions.

Besides a number of strengths, such as the comparison of three different hormonal status groups and the inclusion of pupil dilation as a physiological measurement of emotion regulation processes in addition to subjective ratings, some limitations have to be noted. First, not only does stress initiate the secretion of cortisol, but also of monoamines and neuropeptides each having its own spatial and temporal domains of release and action^[@CR13]^. In view of complex interactions between these stress mediators, the present study cannot provide direct evidence about the underlying mechanisms of stress effects on cognitive emotion regulation. Future pharmacological studies are needed to specify the causal link between cortisol and changes in cognitive emotion regulation outcomes. Second, pupil diameter has been shown to represent both emotional arousal and the cognitive effort to control emotional responses^[@CR36],[@CR43]^. Since pupil dilation is not valence-specific^[@CR62]^, pupil size increases may therefore either be interpreted as an increase in emotional arousal or emotion regulatory engagement. To reduce this ambiguity, future studies would benefit from including complementary physiological measurements, such as the startle reflex (an index of valence^[@CR63]^), skin conductance response (an index of arousal^[@CR64]^) or changes in heart rate variability (an index of emotion regulation success^[@CR65]^).

In conclusion, our findings demonstrate that acute stress improves the downregulation of negative emotions via cognitive reappraisal in men. Pupillary measures further indicated that this stress-induced improvement of reappraisal in men might be a result of increased cognitive engagement to use this strategy after stressful episodes. Reappraisal success was positively linked to the increase in cortisol in men, indicating that the beneficial effect of stress on cognitive reappraisal might be predominantly mediated by a glucocorticoid mechanism. The sex-specific stress effects on subjective affective ratings and pupil dilation offer interesting insights into the interaction between stress, sex and emotion regulation, contributing to an enhanced understanding of sex differences in vulnerabilities to stress- and emotion-related mental disorders.

Materials and methods {#Sec14}
=====================

Participants and design {#Sec15}
-----------------------

A total of 118 participants (40 males and 78 females) ranging in age from 18 to 37 (*M* = 24.25, *SD* = 4.29) with a normal Body Mass Index (BMI) ranging between 18.0 and 27.8 kg/m^2^ (*M* = 22.12; *SD* = 2.38) were recruited via advertisements in social media networks, mailing lists and notice boards throughout the Ruhr University Bochum and surroundings. Exclusion criteria checked beforehand in a standardized telephone interview comprised chronic and acute illnesses, history or current medical or psychological treatment, drug use including smoking, as well as previous experiences with the current stress protocol or emotion regulation paradigm. All participants had normal or corrected-to-normal vision (max. ± 1.5 diopters). Due to well-established effects of sex hormones on stress hormone release^[@CR39]^ as well as on emotional reactivity^[@CR34]^ and emotion regulatory processes^[@CR33]^ we included men, free-cycling women in their luteal phase as well as women taking oral contraceptives (OC). Cycle phase was assessed via self-report and luteal phase defined as nine to three days prior to the next menses^[@CR55]^. OC women were required to have been taken OC (only monophasic preparations with an ethinylestradiol and a gestagenic component) for at least 3 month and were tested during the active pill phase to reduce potential influences of circulating sex hormones across the menstrual cycle^[@CR52]^. Participants were randomly assigned to the stress and control condition, which did not differ in age (*p* = 0.651), BMI (*p* = 0.765), psychopathological symptoms (*p* = 0.902), and habitual use of reappraisal (*p* = 0.676) or distraction (*p* = 0.438) as assessed with the emotion regulation inventory (ERI). The study was conducted in accordance with the Declaration of Helsinki and all participants provided written informed consent in accordance with procedures approved by the local ethics committee at the Ruhr University Bochum and were reimbursed with 20 Euro.

Experimental procedure {#Sec16}
----------------------

Participants were asked to refrain from caffeine, nicotine, food and any drinks except for water two hours before the experimental session. Furthermore, we asked them to refrain from sports, drugs and alcohol 24 h prior to the start of the experiment. To control for diurnal rhythm of endogenous cortisol levels^[@CR66]^, testing took place between 12.30 p.m. and 6.00 p.m. Figure [4](#Fig4){ref-type="fig"} depicts a detailed description of the procedure. After arrival, participants rested for 25 min while reading study information, giving written informed consent and answering questionnaires. After a baseline saliva sample, participants underwent the stress or control condition and were then familiarized with the emotion regulation paradigm and prepared for pupillary recordings. Subsequently, the emotion regulation paradigm started. This interval between stress and emotion regulation was chosen because of the somewhat slower reaction of the HPA axis, which typically leads to peak cortisol levels at \~ 25 min after stress onset^[@CR67]^. During the emotion regulation paradigm variations in pupil diameter were recorded. Finally, the participants were debriefed and paid their monetary compensation.Figure 4Experimental procedure and emotion regulation paradigm. Participants provided four saliva samples and three affective ratings throughout the experiment (sampling time points for saliva and DAS are highlighted by dashed boxes: baseline, + 2, + 15, + 45 min and baseline, + 2, + 45 min after TSST/Placebo-TSST offset, respectively). In the emotion regulation paradigm, participants were asked to regulate their upcoming emotions towards negative pictures using one of three different emotion regulation strategies or to simply view negative or neutral pictures, which were taken from the Nencki Affective Picture System (NAPS^[@CR74]^).

Stress and control manipulation {#Sec17}
-------------------------------

Participants in the stress group underwent a short version of the Trier Social Stress Test (TSST^[@CR68]^) which is a reliable method to activate the autonomous nervous system (ANS) as well as the HPA axis. In short, the protocol comprised a 2-min preparation period, a 5-min free speech in front of a reserved panel (one male/one female) and a 3-min mental arithmetic task by counting backwards from 2043 in steps of 17. The Placebo-Trier Social Stress Test^[@CR69]^ was used as the control condition, which is identical to the TSST in terms of timing and components but without any stress-eliciting factors. In short, participants gave a speech about their last holiday, a book or a movie without being observed and subsequently had to count forward in steps of 15.

To assess the effectiveness of the stress induction, salivary cortisol, alpha-amylase and subjective affect ratings were measured at several time points across the experiment (see Fig. [1](#Fig1){ref-type="fig"}). Saliva was collected with Salivette collection devices (Sarstedt AG & Co., Nümbrecht, Germany) and stored at − 20 °C until analysis. Salivary cortisol were analysed on a Synergy2 plate reader (Biotek, Winooski, USA) using commercial enzyme-linked immunosorbent assays (ELISAs; free cortisol in saliva; Demeditec, Kiel, Germany) according to the manufacturer\'s instructions. Intra- and interassay variability were less than CV 7.77%. A colorimetric test using 2-chloro-4-nitrophenyl-α-maltrotriosoide (CNP-G3) as a substrate reagent was applied to measure salivary alpha-amylase (sAA) concentrations as described elsewhere^[@CR70]^. Intra- and inter-assay variabilities were below CV 5.28%. The affective stress response was assessed using the Differential Affect Scale (DAS; negative affect factors: sadness, anger, disgust, contempt, fear, shame, guilt; positive affect factors: joy, surprise, interest^[@CR59]^) on a 5-point likert scale ranging from 1 (not at all) to 5 (very strong) with three time points of measurement (baseline, + 2, + 45 min after stress/control manipulation offset). A summary score for negative affect was calculated as the mean of the associated factor values.

Emotion regulation paradigm {#Sec18}
---------------------------

A slightly modified version of the emotion regulation paradigm^[@CR36]^ developed by Kanske et al.^[@CR9]^ was applied. Participants were instructed to regulate their upcoming emotional response towards negative pictures using one of three different emotion regulation strategies or to simply view either negative or neutral pictures. In the reappraisal condition, participants were asked to reduce the intensity of their emotional response by reappraising the displayed situation on the picture to happen either in a pleasant context or with a pleasant ending. Participants were encouraged to vividly imagine all details and consequences of this reinterpreted situation. In the distraction condition, participants were instructed to actively distract themselves from the emotional stimulus by thinking about a neutral situation, which is completely unrelated to the situation presented on the picture. The intensify condition requested participants to increase the emotional response by either putting oneself in the position of the observed person on the picture or imagining all negative consequences of the presented situation. The control condition (view) consisted of attending to a picture (negative or neutral) without manipulating the upcoming emotions. Forty negative pictures were randomly assigned to the three emotion regulation conditions and the view negative condition for each participant individually with each picture presented only once. In line with previous research in this area^[@CR25],[@CR71]--[@CR73]^, we also included a view neutral condition, consisting of ten neutral pictures as a manipulation check for the successful induction of negative emotions on subjective and physiological levels. Neutral pictures were randomized across all view neutral trials. Trial order was arranged in blocks of five trials per condition with every condition randomly presented once in the first and once in the second half of the paradigm. Each trial started with a 750 ms instructional cue (view, intensify, reappraisal, distraction) followed by a white fixation cross displayed on a grey luminance-matched background for 2,500 ms. Subsequently the picture was presented for 5,000 ms initiating the emotion induction and regulation phase. After each picture presentation, participants rated their emotional response on a 9-point visual analog scale regarding arousal (ranging from 1 = emotionally calm to 9 = emotionally aroused) and valence (ranging from 1 = negative to 9 = positive). In addition, they were required to indicate how successful they were in applying the respective emotion regulation strategy on a 5-point scale at the end of each trial (ranging from 1 = not successful at all to 5 = very good). Every rating scale was displayed for 5,000 ms. An inter-trial interval depicting a black screen was presented for 2,000 ms before the start of the next trial. In order to ensure that participants understood task instructions and got an idea of how to apply the different emotion regulation strategies, the experimenter went through all instructions once again together with the participants and then practiced the different strategies with sample pictures giving corrective feedback if necessary. To further familiarize participants with the trial structure and timing of the paradigm, eight computer-based practice trials (two of each regulation strategy, one view negative and one view neutral trial) were additionally conducted directly prior to the start of the emotion regulation paradigm. Pictures presented during practice were not included in the actual paradigm. Stimulus presentation and behavioral recordings were controlled by MATLAB R2016a (MathWorks Inc. Natick, MA) on an IBM compatible PC running on Windows 7.

All pictures were taken from the Nencki Affective Picture System (NAPS^[@CR74]^). We created a set of 40 negative pictures (valence: *M* = 3.55, *SD =* 0.71; arousal: *M* = 4.35, *SD* = 1.53) and a set of 10 neutral pictures (valence: *M* = 5.38, *SD* = 0.68; arousal: *M* = 2.23, *SD* = 0.94). Based on normative ratings, negative pictures were significantly more arousing (*t*(47.84) = 25.15, *p* \< 0.001) and negative (*t*(48) = − 13.84, *p* \< 0.001) than neutral pictures. All pictures were landscape in orientation (1,024 × 768 pixels), matched for content and complexity and displayed in greyscale. Mean luminosity of the selected pictures was matched using the MATLAB R2016a SHINE toolbox (MathWorks Inc.) such that mean luminosity did not vary between the pictures. To control the level of illumination prior to picture onset, a white fixation cross on a grey background (2,500 ms) with the mean luminosity computed across all pictures preceded picture presentation on each trial.

Pupillometry {#Sec19}
------------

Pupillary data were recorded with iView eye-tracking glasses (iViewETG 2.0, SensoMotoric Instruments, Germany) connected to an SMI-ETG recording device (Lenovo X230-Notebook) compatible to the iViewETG software. A high-definition scene camera equipped with an infrared-sensitive eye camera for dark pupil detection measured retinal and corneal reflections obtaining participants\` pupil diameter of both eyes. Following a one-point calibration to ensure correct tracking of the pupil, data were continuously recorded at a binocular sampling rate of 30 Hz and a viewing distance of 60 cm from the screen, while participants´ head position was stabilized via a chin rest^[@CR61]^. To control for divergent light influences, all testing took place in a permanent moderately lit room. Due to technical failure, pupillary data of eight participants (4 males, 4 free-cycling females) could not be analyzed.

### Analysis of pupillary data {#Sec20}

Pupillary data were preprocessed according to routines developed in our laboratory^[@CR36]^. Recorded data were averaged across both eyes and smoothed with a finite impulse response filter at 6 Hz. Onsets of event-locked segments (instructional cue, fixation cross, picture presentation) were marked for each trial. Trials with pupil size outside a feasible range (i.e. 1.5--9 mm of pupil diameter^[@CR62]^) were discarded. In order to prevent data loss, outliers in dilation speed were detected individually with a dilation speed filter within a range of 6--30 median absolute deviations (MAD^[@CR63]^). After having removed dilation speed outliers, we detected gabs resulting from eye blinks, which may cause pupil size underestimation due to eyelid occlusion. We used a MATLAB-based algorithm to discard trials with major eye blinks (\> 100 ms) and to correct trials with smaller gabs with linear interpolation. For each participant and each individual trial, baseline pupil size was defined as the average pupil diameter recorded during the 300 ms prior to picture onset, and was subtracted from the pupil dilations during picture presentation. As a measure of total pupillary increase in response to emotional picture presentation we calculated the area under the curve with respect to ground (AUCg) from 2 to 5 s after picture onset^[@CR36],[@CR37]^. For each condition, pupillary data were averaged across 10 trials.

Statistical analyses {#Sec21}
--------------------

In order to examine the effects of stress on emotion regulation, we used a 2 × 3 between-subjects design with the factors *stress* (stress vs. control) and *sex hormone* \[males vs. free-cycling females (FELU) vs. females taking oral contraceptives (FEOC)\]. All statistical analyses were performed in IBM SPSS Statistics 20 (Armonk, USA) for Windows with a significance level set to α = 0.05. Dependent variables were checked for normality using Kolmogorov--Smirnov-test, log-transformed when necessary and checked for homogeneity of variance using Levene-test. Greenhouse--Geisser corrected p-values and degrees of freedom were reported when the assumption of sphericity was violated and partial eta square (η^2^) were given as estimations of effect sizes.

Cortisol, alpha-amylase and subjective affect were analyzed using mixed-design analyses of variance (ANOVAs) with the repeated measurement factor time (t~baseline~, t ~+ 2~, t ~+ 15~, t ~+ 45~ for cortisol and sAA; t~baseline~, t ~+ 2~, t ~+ 45~ for subjective affect). To verify significant stress responses in all three sex hormone groups, we calculated delta cortisol, delta alpha-amylase and delta DAS by subtracting the baseline sample from the peak sample. Next, we analyzed differences in delta values between stressed participants and controls for each sex hormone group by separate t-tests. In order to verify successful emotion induction and regulation and to investigate stress-induced differences in emotion regulation, we conducted mixed-design ANOVAs with the repeated measures factor *condition* (view neutral vs. view negative vs. intensify vs. reappraisal vs. distraction) for affective ratings and pupil diameter. Significant interactions were solved with appropriate Bonferroni-corrected post-hoc tests. Further, we examined the relationship between stress-induced increases in cortisol concentrations and changes in emotion regulation effectivity. Therefore, we correlated delta cortisol with the mean subjective and physiological measures for every emotion regulation condition (view neutral, view negative, intensify, reappraisal, distraction) using Pearson product-moment correlations.
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